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Flexible electronics have garnered much interest over the past several decades. Hybrid 
organic-inorganic materials, such as metal-organic frameworks, offer a unique 
opportunity to encompass the effective electronic properties of the inorganic material and 
the flexible nature of the organic with the potential of enhancing other desirable 
properties, such as the contributing multiferroicity. Using a first principles approach, the 
goal of this thesis is to serve as a guide for identifying potential ferroelectric and 
multiferroic metal-organic frameworks. This is done through a screening method of 
metal-organic frameworks based on their geometry; certain symmetry operators cannot 
be present in a ferroelectric material. We report the theoretical spontaneous polarization 
for several dozens of MOFs in which ferroelectricity has not previously been tested, and 
further we discuss the likelihood that these materials could be engineered to have either 






CHAPTER 1  
INTRODUCTION 
Flexible electronics have garnered much interest over the past several decades[1]. One of 
several important thrusts in developing this discipline is identifying storage, sensing, and 
energy harvesting materials which still perform under strains and stresses, which many of 
the current brittle materials used for these applications do not do well. Hybrid materials, 
such as metal-organic frameworks, offer a unique opportunity to encompass the effective 
electronic properties of the inorganic material and the flexible nature of the organic with 
the potential of enhancing other desirable properties, such as the contributing 
multiferroicity. Using a first principles approach, the goal of this thesis is to serve as a 
guide for identifying potential ferroelectric or multiferroic metal-organic frameworks. 
1.1 FERROELECTRICITY AND MULTIFERROICITY IN 
MATERIALS 
1.1.1 Ferromagnetism 
To understand the mechanism behind ferroelectricity and multiferroicity, it is prudent to 
revisit the primary ferroic order with which most are more familiar: ferromagnetism. A 
material is said to be ferromagnetic if: 1) a spontaneous magnetic moment is created in 
the material by exposing it to an external magnetic field and 2) this magnetic moment can 
be switched by reversing the external field[2]. In general, magnetism is caused by the 





Figure 1 Example of an electric hysteresis loop from Ref [3]. Polarization (P) vs applied electric field (E) 
is mapped, and illustrations of sample domains are shown at various portions of the path, which starts at 
the origin (O) and follows A-H. I represents the value of spontaneous polarization.  
 
 
across large domains in response to external magnetic fields are said to be ferromagnetic. 
The most common examples of ferromagnetic materials are transition metals which have 
partially filled electron shells—such as iron, cobalt, and nickel—but there are also 
examples of organic compounds with these properties[4]. Current technologies which use 
ferromagnetic materials include electric motors, generators, and magnetic storage devices 
such as hard disks. 
1.1.2 Ferroelectricity 
The second most commonly studied primary ferroic order is ferroelectricity. Similar to 
the mechanism for ferromagnetism, ferroelectricity is realized in a material when an 





Figure 2 Relationship between ferromagnetic, ferroelectric, and multiferroic materials from Refs. [5, 6]. 
 
 
moments across a particular volume of the material[7]. Dipole moments in a material can 
come from two sources: the orientation of nuclei relative to each other and the orientation 
of the electron density to a given reference point. This distinction between the types of 
dipole moment determination can lead to issues in ensuring the calculation of dipole 
moments is correct, a topic we return to in subsequent sections. When the dipole 
moments align across large domains, the material is considered ferroelectric. An example 
of the typical test for polarization switching is a hysteresis loop, shown in Figure 1. The 
most commonly utilized materials with the ability to switch polarization are metal oxides 
of the perovskite family such as barium titanate[8], lead zirconate titanate[9, 10], and 
lithium niobate[11-15]. The most important applications for ferroelectric materials 





When any combination of the primary ferroic orders exists within the same material, it is 
said the material displays multiferroic properties. The relationship between 
ferroelectricity and ferromagnetism in terms of multiferroicity is shown in Figure 2. 
Along with the above mentioned primary ferroic orders, two others also exist[16], 
ferroelasticity and ferrotoroidicity, which are only included here for completeness and are 
not investigated in the scope of this thesis. Although multiferroic materials are known to 
exist, this property is not utilized in any current applications. It is predicted that 
multiferroicity could be utilized in high sensitivity magnetic field sensors[5], multiple 
state memory elements[5, 17], and electrically tunable spin valves[5]. 
1.2 METAL-ORGANIC FRAMEWORKS 
1.2.1 What are metal-organic frameworks? 
Metal-organic frameworks (MOFs) are crystalline nanoporous materials which typically 
feature metal centers, or nodes, and organic molecules as linkers forming a 2- or 3-
dimensional network. Several properties of MOFs—including the hybrid inorganic-
organic nature, their flexibility, and their absorption abilities—make them attractive 
materials for various applications, such as gas storage[18], molecular sieving[19], and 
catalysis[20]. Given the multitude of combinations of compounds which constitute this 
class of materials and the range of potential applications of interest, computational 
screening methods can play an important role in identifying potential candidates. To 
assist with these screening methods, several databases of MOFs exist. Among the most 
useful of these are ones which are prescreened to only include experimental realized 




which uses a subclass from the Cambridge Structural Database (CSD) of existing and 
verified MOFs which have well-defined and porous structures.  
1.2.2 Origins of ferroelectricity 
One of the interesting aspects of the field of ferroelectric materials is that although it is 
dominated by inorganic systems, the first reported detection of this property was found in 
a hybrid inorganic-organic material. Potassium sodium tartrate tetrahydrate, 
[KNa(C4H4O6)] ∙ 4H2O, commonly known as Rochelle salt, was first discovered to have 
polarization of a hysteretic nature in 1920 by Joseph Valasek[22]. The spontaneous 
polarization of this particular material was found to be 0.25 µC ∙ cm-2 [3], which is 
substantially lower than the spontaneous polarization in barium titanate (26 µC ∙ cm-2) 
[23]. 
1.3 CHARACTERIZED FERROELECTRIC MOFS 
There are several examples of metal-organic frameworks which show varying degrees of 
success in demonstrating ferroelectric properties[3]. In this brief survey of some of the 
typical ferroelectric MOFs, the structures will be categorized by the organic part. This is 
done because often the switchable dipole moment within the material occurs in this 
organic part as opposed to the inorganic metal nodes. 
1.3.1 Formate family 
The formate anion (HCOO-) is a versatile organic ligand which allows for several 
different bridging modes: monodentate, bidentate, tridentate, and tetradentate[24]. It is 
the simplest carboxylate ligand, and is present in many magnetic MOFs because its short 




materials [25]. Copper (II) formate tetrahydrate, [Cu(HCOO)2(H2O)2] ∙ 2H2O, is one such 
material [26]. It undergoes an antiferroelectric-paraelectric transition at approximately 
235 K. Another example of a magnetic MOF featuring the formate anion is 
[Mn3(HCOO)6] ∙ X, where X can be any of an assortment of guest molecules which all 
effect the critical temperature of magnetization in the material. When X = ethanol, this 
material exhibits a paraelectric-ferroelectric transition near 165 K, and it is believed that 
the response of polarization is a direct result of this guest molecule and its interaction 
with the host lattice [27]. A related MOF of the formate family is 
[(CH3)2NH2][M(HCOO)3] which utilizes divalent metal centers (M = Mn, Fe, Co, Ni, Zn) 
to create a perovskite-like structure, typical of inorganic ferroelectric materials [28, 29]. 
In a related MOF, dimethylammonium is replaced with ethyl ammonium, CH3CH2NH3
+ 
[30], which provides a larger dipole moment and is covered in more detail in subsequent 
chapters. 
1.3.2 Tartrate family 
The tartrate anion (C4H4O6
−2) bonds to metal centers similarly to how the formate anion 
does, but tartrate is more massive than formate, which hinders some of these MOFs’ 
potential magnetic properties. The classic example of a tartrate MOF was the first 
discovered ferroelectric, Rochelle salt, discussed previously. Also in the tartrate family is 
lithium ammonium tartrate monohydrate, [(NH4)Li(C4H4O6)]∙ H2O, shows a paraelectric-
ferroelectric transition at 106 K [31]. 
1.3.3 Amino acid family 
Of the 20 amino acids, compounds which contain glycine—NH3CH2COO, the smallest of 




[Ag(NH3CH2COO)(NO3)] was reported by Pepinsky et al. to have phase transition at 218 
K [32]. It has a reported spontaneous polarization of 0.60 µC ∙ cm-2 at 100 K [33]. 
(NH3CH2COO)2 ∙ MnCl2 ∙ 2H2O was reported to have a spontaneous polarization of 1.3 
µC ∙ cm-2 at room temperature, one of the few organic ferroelectric materials to polarize 
at ambient conditions [34]. Some ferroelectrics have very complex phase transitions, such 
as betaine calcium chloride dehydrate, or [Ca[(CH3)3NCH2COO](H2O)2Cl2]. This MOF 
undergoes 8 phase transitions between its final paraelectric and ferroelectric phases, and 
interestingly the ferroelectric space group does not fall in the sub groups of the 
paraelectric space group [35]. Below 48 K, this MOF has a spontaneous polarization of 
2.5 µC ∙ cm-2. 
 These examples of ferroelectric MOFs as well as many others are typically 
initially found by happenstance and are subsequently altered to discover new materials by 
affecting this electronic property. The goal of this work is to broadly screen MOF 
databases using a first principles approach to potentially discover new classes of 
ferroelectric and potentially multiferroic MOFs. This is accomplished by using methods 





CHAPTER 2  
METHODS 
In order to produce meaningful results from a search for potential ferroelectric metal-
organic frameworks, several methods are implemented. In the following chapter, these 
methods and examples of the tools which are used to complete these tasks are described 
in detail. Where a specific example is deemed necessary, the MOF described by DiSante 
et al. [30] (henceforth called Mn-MOF) will be used as a model system. 
2.1 DENSITY FUNCTIONAL THEORY 
The basis of density functional theory (DFT) lies in quantum mechanics and the accuracy 
with which it describes the natural universe[36]. Quantum mechanical methods usually 
utilize electronic wavefunctions within a multibody Schrödinger equation to gain an 
understanding of the approximate behavior of the electrons in a given system. The major 
issue with determining the behavior in this way is that it scales poorly with the size of the 
system; each electron adds three dimensions to the equation, and in large systems the 
interactions between these electrons also need to be included within the Hamiltonian 
operator. DFT is an ab initio method which uses electron density instead of electronic 
wavefunctions to describe energy characteristics of a material. The benefit of finding the 
electron density as opposed to the individual wavefunctions is the density captures the 
overall behavior of the electrons with only three dimensions, which greatly simplifies the 
computation. This simplification does lead to some inaccuracy in capturing the exact 




(between 60 and 500 atoms), DFT is more feasible than more accurate methods while 
still being accurate enough to not explore more expensive methods. Many different 
software packages exists which utilize DFT, and this work uses the Vienna Ab-initio 
Simulation Package (VASP) 5.3.3 [37-40] with a projector-augmented wave (PAW) basis 
set and the Perdew-Burke-Ernzerhof (PBE) [41, 42] version of a generalized gradient 
approximation (GGA).  
2.2 SCREENING PROCEDURES 
One of the key goals of this project is to identify material candidates that may have 
ferroelectric qualities. In order to do this in an efficient manner, it is prudent to develop a 
means by which large numbers of structures may be sifted through quickly to remove 
obvious non-contenders from consideration. Although there are many qualities which 
several ferroelectric materials have in common, the one mutual characteristic is that the 
phase in which the spontaneous polarization arises is restricted to having certain 
symmetry operations. Of the 32 possible crystallographic point groups, only 10 of these 
will allow for a permanent dipole moment to exist within the structure, the polar point 
groups C1, Cs, C2, C2v, C3, C3v, C4, C4v, C6, and C6v [43]. All the crystallographic point 
groups translate to space groups, which is the more common nomenclature for describing 
the symmetry of 3-dimensional structures as opposed to isolated molecules. By using 
material databases which list the space group, it is possible to quickly identify materials 
which by their structure do not have any capability of having spontaneous polarization. 
Mn-MOF, which we will use to describe future calculations, belongs to one of the 




Table 1 List of structures within the CoRE MOF database determined to belong to space group 33, as 
known as Pna21. 
ABEXEM FIHXUR MEJQOJ POQXAV VAQLAC 
ABEXIQ FOHCIP MICCUY RARYOZ VASKOR 
ABEXOW FUFREE NABCEA RATRUB VILXOE 
ABEXUC FULQUZ NAKNUK RATSAI VIRVEY 
ABEYAJ GAJVIY NALWOO RATVEP WEHJIE 
ABEYEN GURPUF NAPZOV RILVOZ WIJDID 
ABEYIR HEDBOJ NAPZUB SODZIV XAVDEF 
AVEMOE HEDBUP NATXOW TEPGUS XAWZOM 
CEHWIX IDORIE NEVGIE TEQPAI XOKHIP 
CEHWOD IJISOK OFODAP TOHYUL YARFII 
DAGDUL ILAGUY OKITAE TOZHAR YASLUA 
DITYAH JENKET OLUCAZ UBUMAH YIZWIN 
EREGOY KEXKAB OMAXEG UMELUU ZASWOF 
FEFZOF MEJQEZ OWAVIS UMEMAB 
FEJKEM MEJQID POCPAZ UXUZAP 
    
 
 
that belong to this same space group and so also have the potential to be ferroelectric; 
these are listed in Table 1. The full screening procedure will include all 68 of the 230 
total space groups in which a polar structure is possible [44]. 
2.3 STRUCTURE OPTIMIZATION 
When a structure is selected for evaluation, it must first be fully optimized. Most 
databases containing structural information have the experimentally determined structure 
based on X-ray diffraction patterns and other spectroscopic techniques. Unfortunately, 
these experimental techniques occasionally will provide structures which are not physical, 





Figure 3 Structures listed with Ref [29]. A: Structure from crystallographic techniques. B: Structure with 
corrected bonding geometry. The nitrogen atoms will appear equally in any of the three positions shown in 





Table 2 Ground state energy (eV) of Mn-MOF from Ref [30] from convergence studies. The difference in 
energy between combinations should become closer as one moves down and right across the table, as 
shown. This same direction is associated with a more computationally expensive calculation. 
 
  K point grid 





350 -579.91 -579.82 -579.83 
400 -579.42 -579.38 -579.42 
450 -579.15 -579.05 -579.07 
500 -579.07 -578.97 -578.99 







structures using computational tools such as VASP. Once the structure resembles the 
physical system, it is important to optimize the structure to ensure that the electron 
density is as it should be at the ground state energy, which is the most thermodynamically 
stable representation possible. For Mn-MOF, the plane-wave energy cutoff for these 
calculations is 450 eV, and a 3x4x2 k-point grid is used, which were determined to be the 
ideal initial variables by convergence studies shown in Table 2. Larger values of these 
cutoff variables are more accurate but are also more expensive. The main purpose of the 
convergence studies is to better understand the ideal input variables for the calculation.  
2.4 BERRY PHASE CALCULATION 
Once the structure is well characterized, the next important step is to determine the dipole 
moments which arise in the ferroelectric phase of the material. Within VASP there is 
code which can compute these dipole moments using a method known as a Berry phase 
calculation. This version of the Berry phase calculation is derived from expressions of the 
“Modern theory of polarization” [45-50] and is used in the context of this work to 
calculate the macroscopic electronic polarization. By using the LCALPOL tag within 
VASP, the magnitudes of the contributions to the ionic and electronic dipole moments are 
determined in the directions of the lattice vectors given by the initial structure. These 
contributions are summed to give the magnitude and direction of the overall dipole 
moment which is in turn used in a simplified form of the overall polarization calculation 
𝑃 =  
∆𝑝
∆𝑉




where P is the polarization and p is the dipole moment in a set volume of the given 
material, V. This method of determining the spontaneous polarization in Mn-MOF yields 
a value P = 1.64 μC ∙ cm-2, which agrees with literature [30]. 
2.5 PSEUDO MODULE 
Up to now only the ferroelectric phase of the material has been discussed. However, 
another necessary characteristic of ferroelectric materials is that the spontaneous 
polarization must be reversible upon reversal of an external electric field. A subtle 
consequence of this is that a phase transition must occur in which the structure, once 
polar in an arbitrary positive direction, must at some point, in order to achieve the 
polarization in a negative direction, have zero net dipole moment. This nonpolar pseudo-
phase of the material can be thought of as a transition state between two equivalent and 
oppositely oriented polar structures. One important characteristic of the nonpolar 
structure is symmetry is added back into the material in order to contribute the net zero 
dipole moment. If the net zero dipole moment is achieved by reducing the individual 
moments to zero, the phase is termed paraelectric; if the dipole moments couple in such a 
way that the net dipole becomes zero without the individual dipole moments decreasing, 
it is termed antiferroelectric. Given the method in which the screening of these materials 
occurred, only the polar phase is identified in material databases. In order to confidently 
say that a polar structure can switch the direction of its net dipole moment in response to 
an external electric field, it is imperative that this high-symmetry nonpolar structure be 
identified. One tool which has proven itself useful for the identification of the high- 





Figure 4 Example of two phases from the structure from Ref [30]. Given the polar structure (right), the 




Crystallographic Server [54-56]. If a structure, with space group X, is such that all its 
atomic positions xi can be described as xi
o + wi, with wi being small displacements, while 
the virtual atomic positions xi
o have a higher symmetry described by a supergroup Y > X, 
we say that the structure is pseudosymmetric for the space group Y [57]. The objective of 
the PSEUDO program is to detect pseudosymmetry in a given structure and to derive a 
virtual parent high-symmetry structure within a user input tolerable displacement of the 
original structure. Figure 4 shows how Mn-MOF can switch between the two phases, of 
























Figure 5 Energy profile for the phase transition of Mn-MOF, adapted from Ref. [30]. Lambda values of ±1 
correspond to the polar phase, while 0 is the nonpolar phase. 
 
 
2.6 NUDGED ELASTIC BAND METHOD 
Unfortunately, identifying the polar and nonpolar phases of a material does not by itself 
constitute ferroelectricity. There must exist a continuous, physical pathway between these 
two phases in order for the ferroelectric condition to be met fully. One convenient way to 
do this which is already implemented within VASP is the nudged elastic band (NEB) 
method [58, 59]. The NEB method’s primary function is to calculate the minimum 
energy pathway (MEP) between a well-defined initial and final state. The MEP is 
typically initialized by creating images which form a linear interpolation between these 
initial and final structures; the method then minimizes the energy of this sequence of 




initial and final states [60]. A variation on NEB, known as climbing image NEB (cNEB), 
is typically used to calculate the energy barrier between two known states by forcing one 
of the regular NEB images to sit at the transition state along the MEP [61]. This is 
especially useful when characterizing a reaction pathway. In the context of this work, the 
initial and final states would correspond the polar structures which orient up and down, 
respectively, and the transition state would be the nonpolar structure. While the energy 
barrier may provide some hint as to the plausibility of the spontaneous polarization 
reversing, its magnitude is not relevant for this work. Rather, the aim is to show that a 
continuous, physical pathway exists from one polar structure, to the nonpolar structure, 
and eventually to the opposite-facing polar structure. An example of this continuous 
phase transition is shown for Mn-MOF in Figure 5. 
2.7 CONCLUSIONS 
By using first principles calculations, it has been shown that it is possible to capture 
typical ferroelectric behavior in MOFs. The combination of Berry phase calculations and 
cNEB method within VASP, along with PSEUDO from the Bilbao Crystallographic 
Server, are used to effectively identify candidates for ferroelectricity. The next step is to 
apply this formalism to MOF databases to determine previously unknown but potentially 





CHAPTER 3  
RESULTS 
Using all the methods from the previous chapter, it is possible to identify a structure as 
ferroelectric, and further analysis can be done to determine multiferroicity. However, 
applying this methodology to individual structures is only satisfying on a small scale. The 
more meaningful approach would be to utilize these methods for screening hundreds of 
materials to potentially discover dozens of viable materials for various ferroelectric 
applications. Figure 6 shows one such algorithm for doing this large-scale screening. As a 
first pass to reduce the number of total calculations which are done, the algorithm is 
restricted to the CoRE MOF database, which is a subset of the Cambridge Structural 
Database and contains only those MOFs which are experimentally-realized, 
computationally-ready, three-dimensional, and porous, approximately 5000 in total [21]. 
From here, the database is screened further for materials which have a nonzero dipole 
moment associated with the structure. These structures are then further explored to 
determine the potential for a phase transition into a nonpolar, centrosymmetric phase. If 
one exists, the path of this phase transition is quantified using Berry phase calculations 
and NEB as described in the previous chapter. In an effort to validate this algorithm, it is 
first implemented on a smaller group. 
3.1 SCREENING OF SPACE GROUP PNA21 
Throughout Chapter 2, Mn-MOF [30] was used to explain the methods of determining 
ferroelectricity in molecular materials. The ferroelectric phase of this MOF is known to 




   
 







which also exhibit this symmetry. As a starting point for testing the screening algorithm, 
these 73 structures are a useful initial group given the understanding of how a 
ferroelectric phase transition could happen from this polar phase. 
3.1.1 Polarization values 
To determine which of the MOFs from the Pna21 space group has potential to be 
explored as a worthwhile ferroelectric material, the magnitude of the spontaneous 
polarization in each is calculated. Using the Berry phase method within VASP, the dipole 
moment of each material’s unit cell is determined. From this the total spontaneous 
polarization is computed via Eqn. 1 and reported in Figure 7. One of the complications of 
calculating the polarization of a material is evident by this figure given that most of these 
values of polarization are higher than the best inorganic ferroelectric materials; the  
Previously undiscovered 
ferroelectric/multiferroic MOFs 
Figure 6 Schematic illustration of the screening algorithm for identification of new ferroelectric MOFs. 
Berry phase calculation will be used in initial polarization determination, PSEUDO module from the 
Bilbao Crystallographic Server can find high-symmetry phases, and nudged elastic band method will assist 
in identifying how the polarization switches. 
 
Identification of Potential Ferroelectric MOFs 
Berry’s phase lattice 
polarization of non-
centrosymmetric phases 
Formulate the high 
symmetry phase 
necessary to compute the 
absolute polarization 
Identify path for and 







Figure 7 Total spontaneous polarization on the 54 of the 73 structures of the Pna21 space group within the 
CoRE MOF database for which the calculation completed. The blue bars represent the electronic 
contribution to this polarization. The black line represents the value of Ps for BaTiO3 (BTO).  






























































Figure 8 Spontaneous polarization as calculated from the electronic contribution to the dipole moment of 




spontaneous polarization of BiTiO3 (BTO), a common inorganic ferroelectric, is shown 
in Figure 7 as a reference point at 26 µC ∙ cm-2. The artifact which causes this phenomena 
is known as the quanta of polarization [62]. The calculation of the ionic (or that of the 
nucleus plus the core electrons) contribution to the dipole moment of a periodic structure 
can change dramatically based on the point of reference, unlike the dipole moment of an 
isolated molecule which is deterministic [63]. This artifact is the reason why the nonpolar 
centrosymmetric phase of the material must be found to determine the spontaneous 
polarization; different phases of the same material will have the same artifact, so the 
difference in polarization between the two phases can be reported as the true spontaneous 
polarization. The electronic (or that of the valence electrons) contribution to the dipole 






































































































































































































































































































Figure 9 Visualizations of the structures with the four highest Pelec values from the Pna21 space group. 
Atom colors are as follows: Pink, Cd; Grey, Ag; Orange, Mg; Black, C; Blue, N; Red, O; Ivory, H; Yellow, 




Table 3 The structures belonging to the Pna21 space group from the CoRE MOF database which included 
a known ferromagnetic metal node. Only those structures for which a spontaneous polarization value was 
able to be determined are included. 
 
Structure Metal Node Pelec Ps 
RILVOZ Mn 11.41 167.39 
FEFZOF Co, Hg 10.93 28.21 
WIJDID Cu 10.48 197.48 
VILXOE Mn 7.64 78.97 
YASLUA Hg, Mn 6.74 1.09 
OLUCAZ Cu 3.38 29.02 
YIZWIN Cd, Ni 2.81 267.92 
DITYAH Co 2.66 68.95 




this contribution can better determine which material can be interesting to investigate 
more thoroughly. This incomplete value of polarization is reported for the Pna21 
structures in Figure 8, and the top four promising candidates for ferroelectricity from this 
figure are shown in Figure 9 to demonstrate the wide variety of complexes which can 
give rise to these phenomena. 
3.1.2 Potential for ferromagnetism  
One of the goals of this project is to look into the possibility of multiferroic molecular 
materials. One pragmatic way to do this is to identify those ferroelectric MOFs which 
already have metal centers known for carrying ferromagnetic properties. While this does 
not ensure that the MOF will be multiferroic, several studies have shown that a 
ferromagnetic bulk metal will often retain that property in a hybrid system [64-73]. Those 
MOFs from the Pna21 space group which displayed a polarization and have a metal 




3.2 SCREENING ALL POLAR SPACE GROUPS 
The previous section focused solely on one space group which by symmetry allows for 
the potential for ferroelectric phases of materials. This space group is not the only one 
which has the proper combination of symmetry operations to allow for ferroelectric 
compounds. The following sections explore these other possibilities. 
3.2.1 Converting point groups to space groups 
As mentioned before, only 10 of the 32 crystallographic point groups will allow for a 
permanent dipole moment to exist within the structure: C1, Cs, C2, C2v, C3, C3v, C4, C4v, 
C6, and C6v. An important feature of all these point groups is that more than one point 
remains unmoved; this is a requirement of polar point groups. If a point group contains a 
mirror plane perpendicular to a rotation axis or more than one rotation axis, it cannot be 
polar. While point groups are handy for identifying the symmetry in molecules, crystals 
can have many more subtle symmetry elements not contained in the simple point group 
definitions. Therefore it is necessary to specify further identifiers for 3-dimensional 
crystals; these are called space groups. There exists a total of 230 space groups which are 
derived from the crystallographic point groups. Table 4 shows how these space groups 
correlate to each of the polar point groups, and also which of the seven crystals systems 
they belong to. Of the 230 space groups, 68 of them contain symmetries which allow for 
the potential a dipole moment, and by extension polarizability. Within the CoRE MOF 
database, there are 668 structures which are labelled as being a member of these polar 
space groups. With the exception of those belonging to the triclinic P1 space group, the 
polarization of all of these structures was determined through the same methods listed 




Table 4 List of the polar space groups and to which crystal systems and crystallographic point groups they 
belong. Also listed are the number of structures labelled as belonging to these space groups according to 
the CoRE MOF database. 
 
Crystal system Point group Space group Structures 









































Table 4 (continued)  
















































3.2.2 Polarization values 
The following pages show the values of the contribution to the polarization from the 
electronic dipole moment. This data is primarily organized by crystal class. When 
possible, the visualizations of the top candidates from each crystal system is shown with 
the largest contribution to the dipole moment pointing upwards. For the results of the 
calculation of the total spontaneous polarization, see Appendix I. 
3.2.2.1 Monoclinic structures 
The CoRE MOF database lists 210 structures which are in a monoclinic polar space 
group. A Berry phase calculation was done to each of these structures to determine which 
may be interesting to study further. Of these, 96 of the calculations converged to a viable 
solution, and 65 of these resulted in a nonzero value of dipole moment. The contribution 
of the electronic dipole moment to the polarization of these structures can be found in 
Figure 10 and Figure 12, and visual representations of the top performing MOFs are 
shown in Figure 11 and Figure 13. The P21 space group is split from the others solely for 
clarity in representation of the polarization plot. 
3.2.2.2 Orthorhombic structures 
 Of the 176 structures listed in the CoRE MOF database as belonging to an orthorhombic 
polar space group, 73 belong to the Pna21 space group previously discussed. From the 
103 structures which remained, 53 Berry phase calculations converged and 40 structures 
were found to have a dipole moment. These values of electronic polarization are shown 
in Figure 14, and the 3 structures which showed the largest electronic contribution to the 
polarization are represented in Figure 15. These three are especially intriguing because 
the value of polarization is significantly larger than BTO, which is held as the standard 





Figure 10 Structures of the monoclinic space groups with the exception of P21 which were determined to 
























Figure 11 Visualizations of the structure with the two highest Pelec values from the monoclinic space 
groups, without P21. Atom colors are as follows: Grey, Zn; Pale blue, Cu; Black, C; Blue, N; Red, O; 





Figure 12 Structures of the monoclinic space group P21 which were determined to have a dipole moment. 
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Figure 13 Visualizations of the structure with the two highest Pelec values from the monoclinic space group 
P21. Atom colors are as follows: Grey, Zn; Black, C; Blue, N; Red, O; Ivory, H; Yellow, F. The structure 





Figure 14 Structures of the orthorhombic space groups with the exception of Pna21 which were determined 








































































































































































































































































Figure 15 Visualizations of the structure with the three highest Pelec values from the orthorhombic space 
groups. Atom colors are as follows: Magenta, Gd; Pale blue, Cu; Grey, Ni; Black, C; Blue, N; Red, O; 







Figure 16  Structures of the tetragonal space groups which were determined to have a dipole moment. 

























         
Figure 17 Visualizations of the structure with the two highest Pelec values from the tetragonal space groups. 
Atom colors are as follows: Green, Ba; Magenta, Mn; Purple, Ge; Black, C; Red, O; Ivory, H. The 





Figure 18 Structures of the trigonal space groups which were determined to have a dipole moment. 




























Figure 19 Visualizations of the structure with the two highest Pelec values from the trigonal space groups. 
Atom colors are as follows: Teal, Co; Green, Sr; Purple, Ge; Black, C; Blue, N; Red, O; Ivory, H. The 





Figure 20 Structures of the hexagonal space groups which were determined to have a dipole moment. 



























Figure 21 Visualizations of the structure with the two highest Pelec values from the hexagonal space groups. 
Atom colors are as follows: Pink, Cd; Purple, Mn; Grey, P; Black, C; Blue, N; Red, O; Ivory, H. The 




3.2.2.3 Tetragonal structures 
 There are 64 structures reported which belong to a tetragonal polar space group, and of 
the 32 in which the calculation converged, 22 recorded a dipole moment. The value of 
polarization based on these dipole moments is plotted in Figure 16, and two high 
performing structures from this crystal system are shown in Figure 17.  
3.2.2.4 Trigonal structures 
Of the 52 structures belonging to trigonal polar space groups, 12 of the Berry phase 
calculations converged resulting dipole moments in 8 structures. Figure 18 shows the 
electronic contribution to the polarization. Two high performing structures are shown in 
Figure 19. 
3.2.2.5 Hexagonal structures 
Hexagonal polar space groups in the CoRE MOF database contain 44 structures, of which 
27 calculations converged and 23 had a dipole moment. The polarization of these 
structures is shown in Figure 20. The two highest performing structures are shown in 
Figure 21, but even these highest polarization values of this crystal system do not 
compare to the current performance of applied ferroelectric materials. 
3.2.2.6 Triclinic structures 
The triclinic polar space group P1 contains 124 structures in the CoRE MOF database. 
These structures were not explored in the scope of this thesis, but given that the 
symmetries of this group only include the identity operator, it is thought that most of 







3.2.3 High potential candidates 
Over the course of this project, 546 structures were tested for potential ferroelectric 
properties. From the 205 structures which showed a dipole moment, several materials 
appear to have large enough magnitudes of polarization to be used in current ferroelectric 
applications. Three in particular seem to have values of spontaneous polarization which 
surpass current inorganic ferroelectrics. The structures known as NIVWIY [74], 
XOJWEZ [75], and UFATEA01 [76] demonstrated an electronic contribution to 
polarization at values of 45.50 µC ∙ cm-2, 35.99 µC ∙ cm-2, and 30.53 µC ∙ cm-2, 
respectively, which is substantially higher than the 26 µC ∙ cm-2 reported in BTO. 
XOJWEZ has already been shown to have ferroelectric activity, but has only been 
investigated for a small range of temperatures [75]. More investigation would be needed 
to definitively claim that these other materials are indeed ferroelectric, but identifying the 
magnitude of potential polarization is an important first step.  
3.3 FUTURE DIRECTIONS 
Once the initial screening of potential ferroelectric MOFs is complete, the next step in 
furthering this research could be in any one of several different directions. Applications 
which require a higher value of spontaneous polarization could use previously discovered 
ferroelectric MOFs as the starting point in developing new desirable MOFs. 
Multiferroicity can be achieved in a ferroelectric material by including elements or 
molecules which naturally have magnetic moments, whether by replacement or addition 






Figure 22 Examples of SNW from Ref [77]. Vanadium is sandwiched between benzene or cyclopentadienyl 
with two neighboring hydrogens substituted with various species: (a) –F, (b) –Cl, (c) –CN, and (d) –NO2. 




3.3.1 From ferroelectric to multiferroic 
In a previous section, ferroelectricity was found to exist in [(CH3)2NH2]Zn(HCOO)3 [28]. 
Also discussed in the same publication is the potential for changing the metal center to 
tailor the material for a particular application. By exchanging the zinc with a transition 
metal ion—such as Mn, Fe, Co, or Ni—weak ferromagnetic ordering is realized in the 
material while retaining the ferroelectric properties of the parent structure [29]. It is 
reasonable to assume the same could be done with other ferroelectric MOFs with non-
ferromagnetic metal centers as long as the coordination of these metal nodes does not 





Figure 23 Polarization curves resulting from tuning of A-groups from Ref [30]. The original organic 
molecule, [CH3CH2NH3]+ (black), has atoms replaced to capture the behavior of different systems. The 




ferroelectric material is described by Wu et al [77]. In the sandwich nanowires (SNW) 
described there and shown in Figure 22, metal ions and polar, cyclic organic molecules—
such as substituted benzene and cyclopentadienyl—are stacked in such a way that a 
dipole moment exists along the wire which can be switched by an external electric field. 
In some of the example SNWs, the metal ions have an existing ferromagnetic moment. It 
is reported that changing the organic molecule can have an effect on the magnetic 
moment of the overall structure, either increasing or decreasing to the point of 
eliminating the magnetic moment. This phenomena was realized by replacing the 




assumed that a similar effect would occur in other metal-organic systems, such as the 
MOFs detailed throughout this work, although little work has been done to verify this. 
3.3.2 Engineering higher polarization in MOFs 
Other applications for ferroelectric MOFs may require a specific value of spontaneous 
polarization in the material. In the several instances in the literature in which tuning the 
polarization of a hybrid material is desired, this is achieved primarily through exchanging 
the organic portion of the material. The SNWs from the previous section would have 
different functional groups substituted for neighboring hydrogen atoms on the benzene or 
cyclopentadienyl rings [77], as shown in Figure 22. Di Sante et al. showed that the 
polarization of [CH3CH2NH3]Mn(HCOO)3 can be tuned by substitution of particular 
atoms on the ethylammonium molecule [30], as shown in Figure 23. Given the wide 
variety of organic molecules with inherent dipole moments, a large number of materials 







This section shows the values of the total spontaneous polarization as the calculation was 
described in Chapter 2 for all of the structures discussed in this work for which the 
calculation produced a dipole moment. The figures are organized by crystal system, 





Figure 24 Total polarization (orange) for monoclinic space groups excluding P21. Electronic contribution 
is in blue. 
 































































Figure 25 Total polarization (orange) for the monoclinic space group P21. Electronic contribution is in 
blue. 







































































Figure 26 Total polarization (orange) for orthorhombic space groups excluding Pna21. Electronic 
contribution is in blue. 
 











































































Figure 27 Total polarization (orange) for the tetragonal space groups. Electronic contribution is in blue. 
 





























































































Figure 29 Total polarization (orange) for the hexagonal space groups. Electronic contribution is in blue. 
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